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Abstract

Molybdenum dichalcogenides, in particular, MoS2 and MoSe2, are very promising nonprecious metal-based
electrocatalysts for hydrogen evolution reaction (HER) in acidic media. They exhibit inferior alkaline HER
activity, however, due to the sluggish water dissociation process. Here, we design and synthesize new
molybdenum dichalcogenide-based heterostructures with the basal planes decorated with SnS2 quantum dots
towards enhanced alkaline HER activity. The electrochemical results reveal that the alkaline hydrogen
evolution kinetics of molybdenum dichalcogenides is substantially accelerated after incorporation of SnS2
quantum dots. The optimal MoSe2/SnS2 heterostructure delivers a much lower overpotential of 285 mV than
MoSe2 (367 mV) to reach a current density of 10 mA cm−2 in 1 M KOH. The improved catalytic activity is
predominantly owing to the enhanced water dissociation kinetics of the heterostructures with well-defined
interfaces. Density functional theory (DFT) calculations reveal that the presence of SnS2 significantly
promotes the water adsorption capability of MoSe2 nanosheets, which consequently facilitates the
subsequent water dissociation process. These results open up a new avenue for the rational design of welldefined heterostructures with enhanced water adsorption/dissociation capability for the development of
high-performance alkaline HER electrocatalysts.
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Abstract
Molybdenum dichalcogenides, in particular, MoS2 and MoSe2, are very promising nonprecious
metal-based electrocatalysts for hydrogen evolution reaction (HER) in acidic media. They
exhibit inferior alkaline HER activity, however, due to the sluggish water dissociation process.
Here, we design and synthesize new molybdenum dichalcogenide-based heterostructures with
the basal planes decorated with SnS2 quantum dots towards enhanced alkaline HER activity.
The electrochemical results reveal that the alkaline hydrogen evolution kinetics of
molybdenum dichalcogenides is substantially accelerated after incorporation of SnS2 quantum
dots. The optimal MoSe2/SnS2 heterostructure delivers a much lower overpotential of 285 mV
than MoSe2 (367 mV) to reach a current density of 10 mA cm-2 in 1 M KOH. The improved
catalytic activity is predominantly owing to the enhanced water dissociation kinetics of the
heterostructures with well-defined interfaces. Density functional theory (DFT) calculations
reveal that the presence of SnS2 significantly promotes the water adsorption capability of
MoSe2 nanosheets, which consequently facilitates the subsequent water dissociation process.
These results open up a new avenue for the rational design of well-defined heterostructures
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with enhanced water adsorption/dissociation capability for the development of highperformance alkaline HER electrocatalysts.
Keywords: Molybdenum dichalcogenides; SnS2; heterostructure; water adsorption; hydrogen
evolution reaction
1. Introduction
Our severe energy and environmental crisis makes it imperative to search for clean and
sustainable energy sources as alternatives to traditional fossil fuels.[1-3] Owing to its having the
highest gravimetric energy density and carbon-free emissions, hydrogen produced by
renewable energy sources is considered to be the most promising energy carrier for our future
society’s energy.[4-5] Currently, hydrogen is mostly produced from fossil fuels by steam
reforming.[6] Alternatively, photocatalytic, photoelectrocatalytic, or electrocatalytic water
splitting driven by renewable energy would make hydrogen a real carrier for clean energy.[7-9]
With regards to electrocatalytic water splitting, electrocatalytic performance remains
unsatisfactory for both the cathodic hydrogen evolution reaction (HER) and the anodic oxygen
evolution reaction (OER), although numerous research efforts have been devoted to developing
efficient electrocatalysts. Currently, precious metal-based materials are the state-of-the-art
catalysts for both the HER (e.g., Pt) and the OER (e.g., IrO2), but they suffer from high cost
and scarcity.[10-17] Therefore, developing earth-abundant and low-cost alternatives, such as
transition metal chalcogenides, metal oxides/hydroxides, and metal alloys, is critically
necessary to address this challenge for practical water splitting systems.[18-21]
Molybdenum dichalcogenides, in particular MoS2 and MoSe2, are very promising nonpreciousmetal-based electrocatalysts for the HER.[22-24] Both density functional theory (DFT)
calculations and experimental findings have demonstrated that the HER catalytic activity of
molybdenum dichalcogenides is mainly derived from their edge sites.[25-29] In this regards,
various strategies have been focused on increasing the number of exposed active sites of
2

molybdenum-dichalcogenide-based electrocatalysts through building various nanostructures,
engineering surface defects, or heteroatom doping.[30-32] Unfortunately, although the
molybdenum dichalcogenide-based electrocatalysts thus developed display impressive
catalytic activity in acidic media, they exhibit inferior HER activity in alkaline media due to
the sluggish water dissociation kinetics. Basically, alkaline HER involves water adsorption,
water dissociation, and hydrogen recombination and release.[33] Water adsorption and
dissociation take place at the beginning of the alkaline HER process and are considered to
represent the rate-determining step for the alkaline HER.[34-37] Therefore, designing
electrocatalysts with enhanced water adsorption and dissociation capability is the key for the
promotion of alkaline HER catalytic activity. Recently, molybdenum-dichalcogenide-based
heterostructures with an additional phase (e.g., Ni(OH)2) anchored on MoS2 or MoSe2
nanosheets were reported as efficient alkaline HER catalysts.[38-40] The second phases usually
possess strong water affinity and water adsorption capability, which are of great significance
for accelerating the water dissociation kinetics of the heterostructured catalysts.[41] Meanwhile,
in some cases, the presence of the second phase can also modulate the electronic structure of
Mo and optimize the hydrogen adsorption energy.[42-44] On the other hand, heteroatom doping
(e.g., Ni, Co) was also demonstrated to be an effective strategy for enhancing alkaline HER
kinetics.[45-46]
In this work, we propose a new heterostructured design concept in order to improve the alkaline
HER activity of molybdenum dichalcogenides. MoSe2/SnS2 and MoS2/SnS2 heterostructures
with SnS2 quantum dots decorated on the basal planes are synthesized by a universal wetchemical strategy for enhanced alkaline HER. DFT calculations reveal that the incorporation
of SnS2 brings in the substantial enhancement of water adsorption capability of MoSe2 both on
the edge sites and basal planes. Benefiting from the improved water adsorption/dissociation
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capability, the well-defined heterostructures delivered significantly enhanced hydrogen
evolution kinetics in alkaline media.
2. Experiment section
2.1 Materials synthesis
Synthesis of MoSe2 nanosheets. MoSe2 nanosheets were synthesized by a modified
hydrothermal process.[32] Briefly, 241.95 mg Na2MoO4∙2H2O was added to 20 ml deionized
water (DI water) under magnetic stirring as the Mo precursor. Then, 0.1 g NaBH4 was dissolved
in 15 ml Ar saturated DI water in a three-neck bottle. Subsequently, 0.16 g Se powders were
dispersed into the NaBH4 aqueous solution under Ar flow with mild shaking until Se powders
were fully dissolved to form a homogeneous transparent NaHSe solution, which was used as
the Se source. Next, the Mo and Se source solutions were transferred into a 50 ml Teflon-lined
stainless steel autoclave, purged with Ar for 30 min, and then heated in an oven at 180 °C for
24 h. After cooling down to room temperature, the as-prepared product was collected by
centrifugation, washed with DI water and ethanol for several times, and dried at 60 °C under
vacuum overnight.
Synthesis of MoSe2/SnS2 heterostructures. For the preparation of MoSe2/SnS2-2.5, 7.12 mg
SnCl4·5H2O and 6 mg thioacetamide (TAA) were added together into the as-obtained MoSe2
dispersion solution (0.36 mg ml-1 in the mixture of 15 ml DI water and 20 ml ethylene glycol).
After 1 h sonication, the mixed solution was transferred into a 50 ml Teflon-lined stainless steel
autoclave and heated in an electric oven at 180 °C for 24 h. After cooling down to room
temperature, the obtained MoSe2/SnS2-2.5 was collected by centrifugation at 8000 rpm for 5
min, then repeatedly washed with DI water and ethanol, and finally dried at 60 °C under
vacuum overnight. MoSe2/SnS2-x (x = 1.5, 5.0, 10) was prepared following the same procedure
as for MoSe2/SnS2-2.5 with different molar ratios of Mo and Sn precursors (Mo/Sn = 1.5, 5.0,
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and 10). The Mo/Sn atomic ratios in the MoSe2/SnS2 heterostructures (MoSe2/SnS2-1.5: Mo/Sn
= 3.5; MoSe2/SnS2-2.5: Mo/Sn = 4.7; MoSe2/SnS2-5.0: Mo/Sn = 7.0; MoSe2/SnS2-10: Mo/Sn
= 12.6) were determined using inductively coupled plasma ‒ optical emission spectrometry
(ICP-OES, Perkin-Elmer, Optima 7300DV) with mass spectrometry.
Synthesis of MoS2/SnS2 heterostructures. For the preparation of pure MoS2, 72.6 mg Na2MoO4
2H2O and 45.7 mg thiourea were firstly added into DI water (35 ml) under sonication for 10
mins. Then, the homogeneous solution was transferred into a 50 mL autoclave for hydrothermal
reaction at 180 °C for 24 h. After cooling down to room temperature, the as-prepared MoS2
was collected by centrifugation, washed with DI water and ethanol several times, and dried at
60 °C under vacuum overnight. For the preparation of MoS2/SnS2-2.5, 7.12 mg SnCl4·5H2O
and 6 mg TAA were added together into the as-obtained MoS2 dispersion solution (0.232 mg
ml-1 in the mixture of 15 ml DI water and 20 ml ethylene glycol). After 1 h sonication, the
mixed solution was transferred into the 50 ml Teflon-lined stainless steel autoclave and heated
in an electric oven at 180 °C for 24 h. Finally, the MoS2/SnS2-2.5 product was collected after
centrifugation, washing, and drying. MoS2/SnS2-x (x = 1.5 and 5.0) was prepared following the
same procedure as for MoS2/SnS2-2.5 with different molar ratios of Mo and Sn precursors
(Mo/Sn = 1.5 and 5.0)
2.2 Physical Characterization
X-ray diffraction (XRD) was carried out using a GBC MMA X-ray diffractometer (λ = 1.5406
Å, 25mA, 40 Kv, step size of 0.02° s-1). The morphology and microstructures of the samples
were characterized by transmission electron microscopy (TEM, JEM-2010, working voltage
200 kV). The scanning transmission electron microscopy (STEM) elemental mappings were
conducted on the JEOL ARM-200F at 200 kV equipped with an EDS detector. X-ray
photoelectron spectroscopy (XPS) measurements were performed on a Thermo ESCALAB
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250Xi instrument with monochrome Al Kα (hv =1486.6 eV) as the X-ray excitation source.
The Mo/Sn atomic ratios in the MoSe2/SnS2 heterostructures were obtained by ICP-OES.
2.3 Electrochemical measurements
All the electrochemical measurements were performed with a typical three-electrode
electrochemical cell equipped with the rotating disk electrode (Pine Research Instruments, Inc.)
and electrochemical workstation (Multichannel potentiostat/galvanostat VSP-300, BioLogic
Science Instrument). Hg/HgO (1 M KOH solution) and Ag/AgCl (saturated KCl solution) were
used as the reference electrode in 1 M KOH and 0.5 M H2SO4 aqueous solution, respectively.
The platinum wire was employed as the counter electrode, and the glassy carbon electrode
(0.196 cm2) coated with different catalyst inks was used as the working electrode. The catalyst
inks were prepared as follows. 2 mg catalyst was dispersed into a mixed solvent composed of
16 µL Nafion solution (Aldrich Co., 5 wt%), 384 µL deionized water, and 100 µL isopropanol
under sonication for 30 min. 10 µL of catalyst ink (containing 40 µg of catalyst) was coated
onto the polished glassy carbon electrode and dried at room temperature. The electrolyte was
continuously purged with N2 to remove O2 during the measurements. The working electrode
was constantly rotated at 1600 rpm to remove the generated H2 and eliminate concentration
polarization of electrolyte ions during electrochemical testing. Linear sweep voltammetry
(LSV) polarization curves were collected at a scan rate of 5 mV s-1. All LSV curves were
corrected with 95% iR-compensation. Electrochemical impedance spectra (EIS) were collected
at -0.1 V (vs. RHE) in the frequency range of 1.0 −100 kHz.
The electrochemical active surface area (ECSA) was evaluated by calculating the double-layer
capacitance (Cdl) in 1 M KOH.[47] The cyclic voltammetry (CV) curves were performed at scan
rates from 40 to 140 mV s-1 in the range of -100 − 0 mV vs. RHE. The Cdl values were calculated
according to the equation:
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𝑗 = 𝑣𝐶𝑑𝑙
Where the capacitive current j (A) can be obtained by

(1)
𝐽𝑎 −𝐽𝑐
2

. Ja and Jc represent anodic current

and cathodic current at -50 mV vs. RHE, respectively, 𝑣 (mV s-1) is the scan rate.
The turnover frequency (TOF) was calculated according to the following equation:

𝑇𝑂𝐹 =

Total number of H2 molecules per second
Total number of active sites per unit area

=

𝑗
2×𝑞

N

(2)

Where q = 1.6 × 10-19 C stands for the elementary charge, j represents current (A) from the
linear sweep measurement, N stands for the number of total Mo atoms, and 2 represents that
two electrons are required to generate one H2 molecule.
3. Results and discussion

Scheme 1. Illustration of the synthesis of MoSe2/SnS2 heterostructures.

The molybdenum dichalcogenide heterostructures were prepared via a two-step hydrothermal
method, as illustrated in Scheme 1. The molybdenum dichalcogenide nanosheets were first
prepared, and then SnS2 quantum dots were uniformly anchored on the nanosheet surfaces via
an in situ precipitation process (See Experimental Section for more details). The X-ray
diffraction (XRD) pattern of MoSe2/SnS2 (Figure S1, Supporting Information) presents typical
diffraction peaks that can be well indexed to SnS2 (JCPDS No. 23-0667) and MoSe2 (JCPDS
No. 29-0914). Figure 1a shows the transmission electron microscopy (TEM) analysis, SnS2
quantum dots with a size of 3-5 nm were uniformly grown on the surfaces of MoSe2 nanosheets,
7

which could reduce agglomeration. Also, the typical lattice spacings of 0.32 and 0.26 nm could
be indexed to the (100) planes of SnS2 and the (102) planes of MoSe2, respectively. In Figure
1b, the high-resolution transmission electron microscopy (HRTEM) image provides more
detailed structural information. It can be shown that the markedly striped patterns are in good
agreement with the MoSe2 edge surface of (002) planes, while the SnS2 quantum dots were
aligned along the [001] c-axis in intimately contact with the MoSe2 surface. The corresponding
Fast Fourier transform (FFT) pattern (Figure 1c) clearly indicates the co-existence of (102) and
(002) planes of MoSe2, and (100) and (101) planes of SnS2, further revealing the formation of
MoSe2/SnS2 heterostructures. The scanning transmission electron microscopy (STEM)
elemental mapping results further reveal the spatial distribution of Mo, Se, Sn, and S in the
MoSe2/SnS2 heterostructures (Figure 1d). Moreover, the MoSe2/SnS2 heterostructures with
different Mo/Sn atomic ratios could be precisely controlled by varying the ratio of pthe
recursors (Figure S2, Supporting Information).
The X-ray photoelectron spectroscopy (XPS) survey spectrum of the MoSe2/SnS2
heterostructures confirmed the coexistence of Mo, Se, Sn, and S elements (Figure S3,
Supporting Information). After deposition of the SnS2, the binding energies of Mo 3d and Se
3d are shifted negatively by 0.2 and 0.3 eV, respectively (Figure 1e-f). Along with the negative
shift in the binding energy, the surface negative charge density of MoSe2 will be increased. As
a result, the H atoms of water molecules are more accessible to the negative charges, so that an
attractive interaction between water molecules and the surface of MoSe2 is enhanced
accordingly.[26, 48] In other words, the negative shift in the binding energy for Mo and Se
effectively promotes the adsorption capability of water molecules. Also, the negative shift in
the binding energy for MoSe2 demonstrates the transfer of electrons from SnS2 to MoSe2, which
helps to improve the conductivity of MoSe2.[43-44] Moreover, a positive shift of 0.5 eV can be
observed for the binding energy of Sn 3d in MoSe2/SnS2 as compared to SnS2 (Figure 1g).
8

These results demonstrate that the charge redistribution across the interfaces of MoSe2/SnS2
heterostructures is beneficial to increase the water adsorption capability and improve the
conductivity of MoSe2.

Figure 1. (a, b) TEM images and (c) the corresponding FFT pattern of MoSe2/SnS2-2.5 heterostructure;
(d) STEM-EDS elemental mapping of Mo, Se, Sn, and S; XPS spectra of (e) Mo 3d, (f) Se 3d, and (g)
Sn 3d.

The HER activities of the as-prepared MoSe2 and MoSe2/SnS2 heterostructured catalysts were
evaluated in 1 M KOH aqueous electrolyte in a standard three-electrode system. Figure 2a
shows the polarization curves after 95% iR correction carried out at a scan rate of 5 mV s-1. For
the pure SnS2, the linear sweep voltammetry (LSV) curve displays a weak current response,
demonstrating its electrocatalytic inertness in alkaline media. The pure MoSe2 needs an
9

overpotential of 367 mV to reach a current density of 10 mA cm-2. Compared to MoSe2, all the
MoSe2/SnS2 heterostructured catalysts show substantially enhanced catalytic activities.
Specifically, the MoSe2/SnS2-2.5 heterostructured catalyst exhibits optimal HER activity and
a much lower overpotential of 285 mV at 10 mA cm-2 (Figure 2b). Also, MoSe2/SnS2-2.5 shows
the best mass activity (559 mA mg-1) at 0.45 V among all the catalysts, which is superior to
MoSe2/SnS2-1.5 (309 mA mg-1), MoSe2/SnS2-5.0 (291 mA mg-1), MoSe2/SnS2-10 (235 mA
mg-1), and pure MoSe2 (147 mA mg-1) (Figure 2c and the inset). These results indicate that
SnS2 plays a key role in promoting the HER kinetics of MoSe2 in alkaline media. It is worth
noting that the physically mixed sample with a molar ratio of MoSe2:SnS2 = 2.5: 1
(MoSe2+SnS2-2.5) deliveres decreased geometric and mass activities (14 mA cm−2 and 87 mA
mg−1 at 0.45 V), as compared to MoSe2/SnS2-2.5 and bare MoSe2 (Figure S4, Supporting
Information), revealing that the unique heterostructure morphology and interaction between
MoSe2 and SnS2 are of great importance to the accelerated alkaline HER kinetics. Tafel slopes
give further insights into the HER kinetics. As shown in Figure 2d, pure MoSe2 shows a Tafel
slope of 149 mV dec-1, indicating that the kinetic rate-limiting step is the Volmer step, in which
step water molecules dissociate into hydrogen intermediates and hydroxyls. Compared to
MoSe2, the Tafel slope of MoSe2/SnS2-2.5 is reduced to 109 mV dec-1, demonstrating that the
HER kinetics are determined by the Volmer step and subsequent Heyrovsky step. The
enhanced kinetics can be attributed to the accelerated water dissociation process (Volmer
step).[45]
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Figure 2. (a) LSV polarization curves measured at a scan rate of 5 mV s−1; (b) Overpotential at the
current density of 10 mA cm-2; (c) LSV curves plotted based on MoSe2 mass-normalized current density
(inset: current densities at -0.45 V (vs. RHE) ); (d) Tafel plots (potential vs. log(current density)) derived
from LSV curves.

Turnover frequencies (TOFs) provide important insights in evaluating the intrinsic activity of
HER catalysts. Generally, it is supposed that TOFs reflect the formation rate of hydrogen
molecules per Mo atom during the HER process.[49-50] Here, we identify the TOF value of
MoSe2/SnS2 catalysts based on MoSe2 which provides intrinsic active sites for the HER.
Although the TOF calculation here employs the total Mo atoms in the electrode as the
benchmark, which may not exactly reflect the performance of the MoSe2/SnS2 heterostructures,
it provides a general comparison of the HER kinetics between MoSe2 and MoSe2/SnS2
composites. The MoSe2/SnS2-2.5 achieves the highest TOF as compared with other samples
(Figure 3a). Meanwhile, the electrochemically active surface area (ECSA), as another critical
factor for estimating the activity of electrocatalysts, was determined by measuring the doublelayer capacitance (Cdl) in the potential range of -0.1−0 V (vs. RHE) (Figure S5, Supporting
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Information). As shown in Figure 3b, all the MoSe2/SnS2 heterostructured catalysts display
larger Cdl values than that of pure MoSe2, indicating that the introduction of SnS2 endows the
heterostructured catalysts with higher active site density.[51] Moreover, the enhanced catalytic
activity of MoSe2/SnS2 heterostructures was confirmed by electrochemical impedance
spectroscopy (EIS). The Nyquist plots are well fitted to an equivalent circuit model (Figure S6,
Supporting Information), which consists of electrolyte resistance (Rs), charge-transfer
resistance (Rct), and constant phase element (CPE). All the heterostructured catalysts show
much lower Rct than that of bare MoSe2 (Table S2, Supporting Information), further
demonstrating that the incorporation of SnS2 is beneficial for accelerating the charge transfer
and mass diffusion kinetics of MoSe2/SnS2 heterostructures under alkaline conditions.[52]

Figure 3. (a) TOFs of MoSe2/SnS2 heterostructures and pure MoSe2 at the overpotential of 0.3 V (vs.
RHE); (b) Current versus scan rate measured at 0 V (vs. RHE); (c) The LSV curves and (d) Tafel plots
measured in 0.5 M H2SO4.
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To further confirm the effect of incorporating SnS2 on the enhanced alkaline HER activity of
the MoSe2/SnS2 heterostructured catalysts, the acidic HER performances of MoSe2/SnS2 and
bare MoSe2 catalysts were tested in 0.5 M H2SO4 electrolyte. According to previously reported
volcano plots, the HER kinetics of a catalyst in acidic conditions is strongly correlated with its
hydrogen adsorption capability.[53-54] In sharp contrast to the bare MoSe2, all the MoSe2/SnS2
heterostructures show higher overpotentials with larger Tafel slopes (Figure 3c-d). The reduced
acidic catalytic activities of the MoSe2/SnS2 heterostructured catalysts demonstrate that the
introduction of SnS2 had no positive effect on optimizing the hydrogen adsorption capability.
It can be inferred that the enhanced alkaline HER activity of the MoSe2/SnS2 heterostructures
can be mainly attributed to the accelerated water adsorption/dissociation process.
Basically, water adsorption takes place prior to water dissociation during the alkaline HER
process. Therefore, to further verify the influence of SnS2 quantum dots on the alkaline HER
kinetics of MoSe2, DFT calculations were conducted to determine the water adsorption energy
(Ead) of the basal planes and edges of pure MoSe2, SnS2, and MoSe2/SnS2 (Figure S7,
Supporting Information). As shown in Figure 4a, the Ead of the basal planes of MoSe2 is -0.12
eV. After incorporating SnS2, the Ead of the basal planes of MoSe2/SnS2 decreases to -0.23 eV,
suggesting that SnS2 efficiently enhances the water adsorption capability on the basal planes
of MoSe2. The Mo edges, as the most stable sites for water adsorption, displays a lower Ead (0.82 eV) for MoSe2/SnS2 than that of MoSe2 (0.71 eV) (Figure 4b). Meanwhile, the Se edges
with 100% and 50% Se coverage (Se100-eg and Se50-eg) of MoSe2/SnS2 heterostructures also
show decreased Ead values relative to that of pure MoSe2. These results clearly demonstrate
that the incorporation of SnS2 significantly enhances the water adsorption capability of MoSe2
in the heterostructures, which is greatly beneficial to accelerating the subsequent water
dissociation kinetics. In addition, the basal planes and edges of SnS2 also show promising water
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adsorption capability (Figure S8, Supporting Information), which can further improve the
water adsorption and dissociating kinetics of the MoSe2/SnS2 heterostructures.

Figure 4. Water adsorption energy diagram of MoSe2/SnS2 and MoSe2 (a) on the basal planes and (b)
on the edge sites.

MoS2/SnS2 heterostructures with SnS2 quantum dots decorated on the basal planes (Figure S9,
Supporting Information), which were synthesized by a similar process to that for MoSe2/SnS2
heterostructures, were also evaluated as the catalysts for the alkaline HER. As shown in Figure
S10a-b (Supporting Information), the alkaline HER activity of the heterostructured catalysts is
also greatly enhanced after the introduction of SnS2. The optimal MoS2/SnS2-2.5 catalyst
delivers the lowest overpotential of 343 mV at 10 mA cm−2 with a Tafel slope of 157 mV dec1

, while pure MoS2 has an overpotential of 419 mV at 10 mA cm−2 with a Tafel slope of 216

mV dec-1. Similar to the case of MoSe2/SnS2, the acidic HER performance of the MoS2/SnS2
heterostructures gets worse with increasing the content of inactive SnS2 (Figure S11a-b,
Supporting Information). These results demonstrate that decorating SnS2 quantum dots on
basal planes to construct heterostuctures is a universal approach to promote the alkaline HER
kinetics of molybdenum dichalcogenide-based catalysts.
4. Conclusion
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In summary, molybdenum dichalcogenide heterostructures with SnS2 quantum dots decorated
on the basal planes were designed and synthesized as efficient alkaline HER electrocatalysts.
The optimal MoSe2/SnS2 heterostructured catalyst delivered a substantially lower overpotential
of 285 mV as compared with MoSe2 (367 mV) at 10 mA cm-2. The significant improvement in
alkaline HER activity is mainly due to the accelerated water adsorption/dissociation kinetics.
The DFT calculations reveal that the incorporation of SnS2 can significantly improve the water
adsorption capability of MoSe2, which is critical for the subsequent water dissociation process.
This work opens up a new direction for the development of efficient alkaline HER
electrocatalysts by engineering heterostructures.
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